The cobalt-chromium-molybdenum alloys are characterized by a high resistance to wear and corrosion, as well as good mechanical properties, allowing their use in the substitution of hip and knee joints.
Introduction
The cobalt-chromium-molybdenum (CoCrMo) alloys can be used in the artificial replacements of human hip and knee joints because of their good wear and corrosion resistance, as well as their mechanical strength [1, 2] . The CoCrMo component of a prosthesis usually articulates on the same alloy, on ultra high molecular weight polyethylene (UHMWPE) or on alumina, forming a metal on metal (MoM), metal on polyethylene (MoP) or metal on ceramic (MoC) joint, respectively [3, 4] .
The knee joints, instead, are typically substituted with a MoP system [3] .
The wear and corrosion of the bearing surfaces remain the principal causes of the early failure of the implants, despite of the wide use of these materials and the improvements in the technique and design of the implants, as well as in the surgical methods [4, 5] . The UHMWPE element is the most critical in the wear feature because of the formation of debris, contributing to osteolysis [5] [6] [7] .
Alternatively, the MoM and MoC couplings are considered suitable for younger and more active patients because the wear of articulating surfaces is significantly reduced [8, 9] . However, the CoCrMo alloys can be affected by the synergic action of both corrosive human body fluids and friction [5, 10, 11] . In fact, metallic ions and particles are formed in a smaller size, but in a higher number than the polyethylene debris [12] [13] [14] [15] . Wear debris and ions could remain in the implant site or be disseminated into the other organs and lymph nodes [16, 17] , increasing the risk of hypersensitivity or inducing a cascade of inflammatory events [7, 12, [18] [19] [20] [21] .
The tribological and mechanical properties of the Co-based alloys strongly depend on their microstructure [22] [23] [24] . In the CoCrMo alloys, the face-centered cubic (FCC) and the hexagonal closed packed (HCP) crystalline structures co-exist. Typically, the FCC phase is predominant at room temperature, but the FCC→HCP transformation could be isothermally or straininduced [23, 25, 26] . The other main feature of the Co-based alloys is the presence of carbon forming carbides whose distribution and size is influenced by the manufacturing process [27, 28] . The main factors that affect the wear resistance of CoCrMo alloys are the carbon amount, the homogeneity of the carbides distribution and the presence of the HCP crystal structure [10, 13, 29] . However, some contrasting studies are reported in literature on this last topic. It was verified that a tribological system with an almost fully complete HCP structure on both the sliding components exhibits a lower wear loss comparing to the FCC structure [24] . On the contrary, Varano and co-workers [22] stated that the alloys with a higher amount of the FCC phase, stabilized by the carbon content, which inhibits the martensitic transformation, exhibit lower wear, because the HCP crystalline structure is more brittle and detrimental to wear. The carbides influence the wear by means the hardness and the good coherency with the surrounding matrix, acting as a protective barrier against the matrix delamination [22] . However, the high hardness of the carbides could cause abrasive wear damage, when they are pulled-out and fractured from the matrix, decreasing the resistance to the surface fatigue [23] .
This work is focused on the influence evaluation of a thermal treatment in molten salts on the mechanical and wear properties of several implant CoCrMo alloys, different in carbon content and manufacturing processes. The thermal treatment in molten salts was performed at a temperature (970°C) recognized as critical for the CoCrMo alloys, promoting the FCC→HCP martensitic transformation [26, 41, 42] . This temperature was set because it allows the formation of a peculiar coating on the alloy surface, as reported in the previous works of the authors [30] [31] [32] [33] . The coating was composed of a multilayer structure of tantalum carbides, and it is able to improve the biocompatibility as well as the wear and corrosion resistance of the alloys. The well-known biocompatible behaviour [34] [35] [36] [37] , excellent mechanical and tribological properties, as well as corrosion resistance [38] [39] [40] of tantalum (Ta) and its compounds are shown on the coating. In addition, it was observed by the authors that the mechanism of coating formation was the diffusion of the tantalum from the salts to the alloy surface and the reaction of the tantalum with the carbon contained in the Co-based substrate. It must be underlined that the substrate below the coating can be affected by the employed temperature and the chemical surface reaction occurred during the coating formation.
The aim of this work is to investigate if the different CoCrMo substrates are affected by any micro-structural or mechanical changes. The carbides, present in the substrate, could be subjected to a modification in the dimension, quantity and distribution, during the thermal treatment. The treated alloys were evaluated after the complete removal of the coating and a comparison with the asreceived materials is reported in the paper. The metal ions release relative to the as-received alloys and the coated samples was controlled in a previous work [30] .
Materials and Methods

The substrates
Five CoCrMo alloys, different in the composition, carbon content and manufacturing process, were considered. Three of them were characterized by a high carbon content (HC) and they were The as-received CoCrMo alloys were thermal treated in a mixture of Ta-rich salts using a patented method [33] , well described in previous works [30] [31] [32] . The thermal process was carried out at 970°C for 45 minutes, in a tubular furnace, under a controlled Ar atmosphere. The sample was completely dipped into the salts mixture, composed predominantly of K 2 TaF 7 and 2wt.% of Ta, during the whole treatment. A Ta-based coating was formed on the sample surface and then it was completely removed by a careful polishing procedure with SiC papers from 600 to 4000 grit, until obtaining a mirror-polished surface, in order to analyse the substrates. The treated substrates, so obtained, will be named by adding the employed isothermal temperature and the suffix "sub" to the name of alloy (such as HC-C970sub). The weight loss and thickness of the removed material layer, with polishing, were measured about 2-3 g and 0.45-0.49 mm, respectively. The LC-C970sub sample was an exception, because of the lower thickness of its coating (the removed material was 1.2 g and 0.08 mm).
Sample characterization
The roughness of all the samples was measured by means of a contact profilometer (Tencor P-11), acquiring three typical parameters, the arithmetical mean roughness (Ra), root mean square value (Rq) and ten-point mean roughness Rz. Three measurements were performed for each sample in order to obtain statistical data.
The X-ray diffraction measurements (XRD, X'Pert Philips diffractometer) were performed on the as-received alloys and treated substrates, with the Bragg-Brentano camera geometry, the Cu Kα . The volume fraction of the HCP phase was calculated using the expression developed by Sage and Gillaud [43] and typically employed by Saldivar also [26] : were calculated trough :
where P (N) is the failure load, L (mm) is the distance between the supports, representing the useful sample length, and it varied between 16.5 and 18.5 mm, b and d (mm) are the width and height of the rectangular cross-sectioned samples, respectively, D (mm) is the deflection at the failure load of the center of the tested sample and m (N/mm) is the gradient of the initial straight-line part of the load-deflection curve. The dimensions of the sample cross-sections are reported in Table 1 . A single sample was tested for each kind of alloy.
Finally, the ball on disc test was performed in order to investigate the wear behaviour of the as received alloys and treated substrates, using a CSEM high temperature tribometer. An alumina ball covered 25000 laps under an applied load of 7 N and with a linear speed of 10 cm/s. The radius of the circumference was fixed, during the whole test, at 7 mm. The test was carried out at the human body temperature (37°C) in a wet environment, using dilute bovine serum as lubricant. The lubricant was prepared as a solution of 25% vol. of calf bovine serum and 75%vol. of distilled water with the addition of sodium azide (Na 3 N) as antibacterial agent in the ratio of 1gl -1 . The sodium azide allows the stock for longer time of the bovine serum solution, avoiding the bacterial contamination. The wear track profiles were evaluated through a profilometer and the morphology of the wear tracks were observed by SEM.
Results and Discussions
The as-received alloys and the preparation of the treated substrates
The as-received CoCrMo alloys differ in composition, carbon content and in the manufacturing technology (powder metallurgy, plastic deformation or casting). Data relative to the acronymous, manufacturing technique and composition of the as-received materials are summarized in Table 2 .
The carbon present in the HC alloys exceeds 0.1 wt.%, while the content in the LC samples is 0.07 wt.% in the casting alloy and less than 0.01 wt.% in the wrought alloy. The alloying elements are similar in composition in all the materials, except for nickel that was only detected in a very low quantity in the HC-W, HC-C and LC-W alloys. The carbon amount of the different alloys mainly influences the formation and precipitation of carbides in the matrix [27] , whereas the manufacturing procedure typically affects the distribution and shape of the carbides [22] .
The alloys were used as substrates in a thermal treatment in molten salts, performed at 970°C for 45 min, in order to induce the formation of a tantalum-rich coating on the alloy surface, able to improve the mechanical, wear and biocompatible behavior. The authors observed, in previous works [31, 32] , that the process under these precise conditions formed a peculiar coating, composed of a multilayer structure of tantalum carbides. However, two relevant aspects arose concerning the CoCrMo substrates. First of all, the treatment was performed at a temperature known as critical for the martensitic transformation of the cobalt crystalline structure. Secondly, the mechanism of the coating formation is diffusion-type and the tantalum, belonged to the salts, reacts with the carbon of the CoCrMo substrate, to form the tantalum carbides phase, present in the coating. These features could induce some changes also into the structure, microstructure and correlative properties of the substrates.
The coated samples were polished in order to completely remove the coating and well-polished surfaces were obtained. They have a roughness comparable to the as-received samples, according to the standard for the prostheses [46] ( Table 3 ).
3.2
The crystalline structure and microstructure Fig. 1 shows the SEM images relative to the as-received alloys (on the left) and the substrates (on the right), reporting also the EDS analysis on several areas. Both the HC-W ( Fig.1a ) and HC-PM ( Fig.1c ) alloys show homogeneously distributed carbides inside the matrix. The samples, obtained by powder metallurgy, contain, as usually, finer carbides than the wrought ones, maintaining their dimension in the range of few micrometers. In the case of the cast alloys ( Fig.1 e and f, respectively), the carbides shape, dimension and distribution completely differ from the other two alloy types. In fact, the carbides are less in number and they appear as agglomerates and blocks into the matrix. Two kinds of carbides are noticed. The EDS analysis, reported in Fig. 1, suggests that the light grey-white carbides contain a large amount of Mo (l), whereas the black-dark grey carbides mainly contain Cr (i). In the cast alloys, the Mo carbides are larger (higher than 5 µm) and
with an irregular shape. On the contrary, the Cr carbides are smaller, presenting a circular and regular shape. The carbides precipitated in the LC-C alloy are similar in distribution to the HC-C sample, but fewer and larger. No photos about the LC-W alloy are reported because no carbides were detected in this sample by SEM-EDS. The thermal treatment, performed in molten salts at 970°C, did not change the dimension, shape and distribution of the carbides, as it can be observed by the comparison among the alloys before and after the process ( Fig.3 b, d, f, h) .
These results are congruent with those reported in literature [25, 28] . In fact, it is well known that the carbide dissolution may happen only for a solution treatment performed at a temperature above 1150°C. It can be concluded that the tantalum carbides which formed the coating did not affect the Mo and Cr carbides of the substrate. code 01-089-4308). As it could be observed, the three peaks of the FCC Co are noticed for all the as-received alloys even if the LC-C alloys (Fig.3 b) presents a weak peak of FCC around 44°. In addition, the relative intensity of the FCC peaks, in the cast alloys ( Fig. 2c and 3b ), is different with respect to the other substrates, due to a preferential orientation caused by the manufacturing process. An increment in the HCP amount is verified after the thermal treatment in all the diffractrograms, confirming the data from literature. In fact, the HC-W970sub ( Fig. 2a ) and the LC-W970sub (Fig.3a) samples show not only higher intensity of the two peaks at 41° and 47°, already detected in the untreated alloys, but also the appearance of two other peaks around 62° and 84° which were absent before the treatment. The thermal treatment induced a further re-distribution between FCC peaks in the cast materials (HC-C970sub, LC-C970sub) where a preferential orientation is observed. Table 4 summarizes the volume fraction of the amount of the HCP and FCC crystalline structures inside the alloys, estimated through (1), (2) and MAUD program. The data obtained for the as-received wrought and powder metallurgy alloys are very similar comparing all the methods of calculations. However, the values concerning the cast materials and all the treated substrates are different and some contrasting results are obtained, comparing the different analyses.
Estimations from both the Sage and Guillaud's formula and Rietveld-MAUD method has to be considered not significant and precise for these samples. The preferential orientation of both the FCC and HCP phases in the cast materials made invalid the measurements performed by these two methods, which consider only the HCP peak with 100% of relative intensity in the PCPDF pattern and the FCC peak with 40% of relative intensity in the PCPDF pattern. On the other hand, the formula (2) considers all the peaks in the diffractogram so it is less sensitive to preferential orientations. In conclusion, the high carbon alloys approached to a similar percentage volume fraction of the HCP phase, after the thermal treatment, while a larger disparity was noticed in the low carbon samples, in particular in the LC-C alloy where the HCP phase was significantly more increased. Fig. 4 reports some optical images of the microstructures relative to the as-received alloys and treated substrates, after etching. The arrows and the circles indicated some grain boundaries and carbides, respectively. The manufacturing technique deeply influences the alloy microstructure. In fact, the HC-W alloy (Fig.4a) consists of a fine structure with an average grain size around 10 µm and with a relevant presence of carbides. The grains in the HC-PM sample (Fig.4c ) are larger than in the wrought alloy, reaching dimensions between 10 and 20 µm, but with a finer carbides distribution at the grain boundaries. Finally, the cast alloys ( Fig.4e and g) show a similar coarse microstructure with very large grains (above 100 µm for the HC-C alloy and above 200 µm for the LC-C alloy) and a significant amount of the dark HCP phase, nucleated at the grain boundaries. The thermal treatment, performed at 970°C for 45 min, relevantly affected the sample microstructure and grain dimensions and the progressive formation of the HCP structure occurred in all the analyzed samples. The HCP phase is morphologically identified as a dark phase inside the light grey FCC matrix. The thermal treatment seems to refine the grain size in the HC-Wsub970 (Fig.4b) and HC-PMsub970 ( Fig.4d ), in contrast with the cast alloys where the grains result further increased. In particular, the grains in the LC-C970sub (Fig.4h) result very large and only part of a grain boundary (indicated by arrows) but not the complete grain can be observed at this magnification in the reported figure. In addition, some white carbides are noticed (dark circle).
Considering the cast alloys, the thermal treatment was able to promote the development of the elongated HCP plates along the FCC dendrites or a high density of short plates close to the carbides [24, 41] . The formation of the HCP phase as very fine interdendritic striations starts to nucleate close to the precipitated carbides in the HC-C970 alloy (Fig.5a ) or only at the grain boundaries in the LC-C970 alloy (Fig.5b ) [41] . Table 5 reports the values of the micro-and macro-hardness obtained from the tests with a
Mechanical properties
Vickers indentator under different loads. The thermal treatment, generally, decreased the hardness of the substrates, especially those containing a high carbon content. On the contrary, the LC-C970sub sample shows a slight increment.
The flexural resistance and ductility was tested through a bending test. A decrement of the ductility was detected after the thermal treatment. The displacement-load curves and data are reported in Fig. 6 and Table 6 . The maximum deflection (D) and the failure load (P) were directly obtained from the curves, whereas the transverse rupture strength (σ), the maximum bending deformation (ε) and the flexural elastic modulus (E) were calculated by using the formulas (3), (4) and (5) . The Young's modulus increased after the treatment, showing a rigid behavior of the substrates. The treated substrates support higher rupture strengths, but lower deformations. An image of the surface fracture of the HC-W970sub sample is reported as an example in Figure 7 . It shows the presence of many fragile fractured Cr carbides in a moderate ductile matrix, where some dimples are noticed. A shear lip is also observed on the fracture surface.
The formation of a large amount of hard HCP phase induced an increment in brittleness and it significantly lowered the strength of the substrates. Considering the XRD analysis ( Fig.2 and 3 ) and
the percentage quantities of the phases reported in the Table 4 , the starting amount of HCP phase in HC-W and HC-PM samples was low and this was in agreement with the highest values of the registered maximum stress (about 7200N and 7800 N, respectively). In addition, the increment of HCP resulted more relevant for the LC-C970sub sample, followed by the HC-W970sub, HC-PM970sub and HC-C970sub samples, explaining the difference of strength and ductility between the as-received alloys and treated substrates.
Tribological behavior
The profiles of the wear track sections of the as-received alloys and treated substrates are reported in Fig. 8 . The HC-C sample demonstrated the best wear behavior among the untreated alloys, with a track volume (0.02 mm 3 ) and wear rate (3 x 10 -6 mm 3 /Nm) one order of magnitude lower than the HC-W (0.2 mm 3 and 2x10 -5 mm 3 /Nm) and the HC-PM (0.1 mm 3 and 1x10 -5 mm 3 /Nm). Also the track section is only 3 µm deep ( Fig.8 c) , in contrast with 8 or 9 µm values relative to the HC-W (Fig.8a) and HC-PM (Fig.8b) alloys. This could be ascribable to the peculiar microstructure and carbide distribution of the cast alloys. The comparison with the literature [22, 23] is difficult, because a different counterpart, as well as applied load and sliding distance were used. The track profile relative to the treated substrates ( Fig.8 ) results almost overlapped to the asreceived alloys, except for the LC-C sample. In this case, the LC-C970sub sample (Fig.8d ) exhibits a narrower, but higher track section than the as-received sample. Even if the amount of the HCP phase inside the bulk, induced by the thermal treatment, may enhance the tribological properties of the material, no relevant differences were noticed in term of wear resistance in the alloys before and after the thermal treatment. This could be explained with the fact that the HCP phase was formed also in the untreated material by a strain-induced martensitic transformation during the wear test, caused by the applied load [23] . Hence, the tribological results, obtained for the as-received alloys, referred to a material containing on the surface an HCP amount higher than that evaluated through XRD analysis. The two peaks visible at the edge of the tracks relative to the HC-W, HC-PM and LC-C as received and treated alloys were correlated to displaced and piled up material, removed with the ball passage.
The predominant wear mechanism consists in abrasion with the contribution of third-body damage both before and after the thermal treatment. In fact, the typical features of the abrasion wear, as scratches and grooves, are noticed inside the tracks of the high carbon cast alloys as reported in Fig. 9 [22] . Hence the improved wear performance of the HC-C alloy could be also attributed to the presence of agglomerates and less numerous carbides inside the matrix, in comparison with the larger number of them in the HC-W and HC-PM alloys. The Mo carbides (light circle) are well visible in the wear track of the HC-C alloy ( Fig.9 ) and a hole left by a Cr carbide (dark circle), pulled out from the surface, is observed in the microphotograph at higher magnification, on the right in Fig. 9 . Cr and Co ions were found into the serum bovine, analyzed in the previous authors' work [30] , after the wear tests comparing the solution used for the test between alumina ball and as-received alloys and the test between alumina ball and Ta-coated samples. In the first case, the metal ions amount was significantly higher than in the second case, demonstrating that the tantalum coating deposited through thermal treatment in molten salt was able to reduce the release of potential toxic metal ions. The thermal treatment should not influence the ions release of the CoCrMo substrates, however other analysis will be performed in order to control this aspect and the possible cytotoxic behavior.
Conclusions
In conclusion, the properties of the CoCrMo alloys are affected by the tested thermal treatment in molten salts. The aim of the treatment was the formation of a Ta-rich coating, but its effects on the substrates cannot be omitted.
Firstly, the temperature induced an increment in the amount of the HCP phase inside the substrates, then it changed the grain size of the matrix. It did not influence the dimension, distribution and size of the carbides. In addition, all the treated substrates were characterized by a preferential orientations of the FCC phase. As a consequence, a decrement in the hardness, especially for the HC alloys, and in the bending ductility was noticed after the thermal treatment.
An increment in the flexural strength was also observed after the thermal treatment. In contrast, no significant differences in the tribological properties were obtained, comparing the as-received alloys and treated substrates. The HCP phase was probably induced also onto the as-received alloys during the wear tests, through a strain-induced mechanism of phase transformation, due to the applied load. The tribological behavior is more strictly related to the carbide presence than to the crystallographic structure. Further work will be needed in order to verify the eventual cytotoxicity of the metal ions released during wear test. 
